Fungi play fundamental ecological roles in terrestrial ecosystems. However, their distribution and diversity remain poorly described in natural communities, particularly in arid and semi-arid ecosystems. In order to identify environmental factors determining fungal community structure in these systems, we assessed their diversity in conjunction with soil physicochemical characteristics in a semi-arid ecosystem in Baja California, Mexico, endemic for Coccidioidomycosis (Valley Fever). Two different microhabitats, burrows (influenced by rodent activity) and topsoil, were compared in winter and summer. Using a metagenomic approach, the ITS1 region of nuclear ribosomal DNA was used as barcode. A total of 1940 Operational Taxonomic Units (OTUs) were identified from 362 332 ITS1 sequences obtained by 454 pyrosequencing. Differences in fungal composition between seasons were clearly identified. Moreover, differences in composition between microhabitats were mainly correlated to significant differences in environmental factors, such as moisture and clay content in topsoil samples, and temperature and electrical conductivity in burrow samples. Overall, the fungal community structure (dominated by Ascomycota and Basidiomycota) was less variable between seasons in burrow than in topsoil samples. Coccidioides spp. went undetected by pyrosequencing. However, a nested PCR approach revealed its higher prevalence in burrows.
INTRODUCTION
Arid and semi-arid ecosystems cover one-third of the terrestrial surface (Reynolds et al. 2007; Collins et al. 2008) and about 40% of the Mexican territory (Magaña et al. 2004) . The coverage of these ecosystems is increasing due to erosion resulting from anthropogenic activities, such as land use changes (Foley et al. 2005) , as well as a consequence of climate change (Challenger and Soberón 2008) . Despite its extensive coverage of the terrestrial surface, little attention has been given to the study of arid and semi-arid ecosystems, specifically to the soil processes and microbial diversity of fungi and prokaryotes (Giri et al. 2005; Bates, Nash and Garcia-Pichel 2012) .
The spatial and temporal distributions of microorganisms in soils are related to the nutritional and physicochemical features of their habitat, such as organic matter content (Buée et al. 2007; Burke et al. 2009 ), pH (Fierer and Jackson 2006) , aggregate size (Huxman et al. 2004; Noguez et al. 2008; Lauenroth and Bradford 2012) , water content and temperature, which also influence their survival and dispersal (Whitford 1996) . Specifically, the activity and diversity of fungi in arid and semi-arid ecosystems are highly influenced by exposure to optimal temperature and the frequency and intensity of precipitation; even small precipitation events can influence primary productivity, increasing carbon input and thus, decomposition (Belnap et al. 2005; Zak 2005 ). Climate change forecast models suggest that arid and semi-arid ecosystems will experience temperature increases of 0.5-2
• C (IPCC 2008) as well as fewer precipitation events in the following century (Easterling et al. 2000; Bell et al. 2009 ). This could affect the diversity and function of fungal communities in arid and semi-arid soils, since water dependence is more critical in these dry ecosystems (Zak 2005) . In fact, recent studies have demonstrated that in Mexico, temperatures are rising (Pavia, Graef and Reyes 2009 ) and precipitation patterns are changing (Arriaga-Ramírez and Cavazos 2010), but the response of fungal communities to these changes is not yet well documented. Previous studies have suggested that variation in soil fungal diversity of several arid and semi-arid ecosystems of Baja California is related to differences in climatic conditions (Romero-Olivares et al. 2013) , suggesting that community structure and diversity are under environmental control. In microbial communities, the fungal composition has been far less studied than the bacterial composition (Tedersoo et al. 2014) . Classic fungal taxonomic characterization is highly unattainable, partly because many species require specialized sampling strategies (Cannon 1999) ; because culturing of individual species has been difficult or impossible for some groups and also because of the existence of a large number of cryptic species (Jones and Richards 2011) . More recently, the use of molecular techniques has enabled culture-independent studies of the fungal component of microbial communities by direct isolation of genomic DNA from soil samples followed by amplification and sequencing of fungal ITS (Internal Transcribed Spacer) variable regions contained in the ribosomal DNA (rDNA). Furthermore, the increasing progress and application of massive next-generation sequencing techniques, has provided the necessary tools for the characterization of fungal communities from complex soil samples. Currently, fungal ecological studies based on next-generation sequencing have significantly increased the detection power to estimate more accurately the actual levels of diversity of microbial communities in soil ecosystems. For instance, studies based on pyrosequencing have identified over '1130 potentially novel taxa' (Hibbett, Ohman and Kirk 2009) , which exceeds the total number of species of Dikarya and Glomeromycota described in the Index of Fungi up to 2008 (Center for Agricultural Bioscience International) (Buée et al. 2009; Hibbett, Ohman and Kirk 2009; Jumpponen and Jones 2009; Opik et al. 2009 ). This suggests that a vast number of fungal species remain undescribed.
High-throughput amplicon pyrosequencing has been used to analyze fungal diversity of forest samples (Buée et al. 2009; Jumpponen and Jones 2009; Öpik et al. 2009; Monard, Gantner and Stenlid 2013 ) tundra (Lentendu et al. 2011), compost (De Gannes, Eudoxie and Hickey 2013) , grassland (Dumbrell et al. 2011) and Mediterranean soils of different land-use backgrounds (Orgiazzi et al. 2012 ), but our understanding of the soil fungal diversity in arid and semi-arid ecosystems is more limited (Fierer et al. 2007; Porras-Alfaro et al. 2011; Oliveira et al. 2013; Romero-Olivares et al. 2013) .
In the present study, we describe the fungal diversity and composition of soil samples from a semi-arid ecosystem in Valle de las Palmas (VDP), Baja California, Mexico, identified as endemic for Coccidioidomycosis or Valley Fever (Cairns et al. 2000) . Previous studies in VDP have found the causal agent of the disease, Coccidioides spp. in soil samples collected from two different microhabitats defined by their physical structure: one influenced by rodent activity (burrows; Baptista-Rosas et al. 2012) and a second undisturbed microhabitat (topsoil; Catalán-Dibene et al. 2014) .
Here, we characterize the soil fungal community of VDP using 454 pyrosequencing of the ITS region. One of the main goals of this study was to test whether differences in environmental and soil physicochemical variables of two microhabitats (burrows and topsoil) sampled in summer and winter would correlate with significant shifts in the diversity and composition of the fungal communities. An additional goal of this metagenomic approach was to investigate if a specific fungal community profile associated to Coccidioides spp. endemic sites could be identified.
MATERIALS AND METHODS

Study site and soil sampling
VDP is a semi-arid ecosystem with Mediterranean climate, characterized by hot and dry summers and cold winters, during which most annual precipitation takes place (total annual precipitation: 209 mm; Romero-Olivares et al. 2013) , and with a temperature ranging between 4-35
• C (minimum and maximum mean annual air temperatures). Sampling was carried out in summer (S; July 2012) and winter (W; January 2013). Sampling sites were selected randomly, but were directed to two microhabitats: one influenced by rodent activity (burrow-B), and the other undisturbed (topsoil-T) (Fig. 1, Fig. S1 , (Supporting Information)). These points were georeferenced with the help of a handheld GPS (Global Positioning System, precision of ± 14.7 m). The sampled area corresponds to 2.77 Ha (Catalán-Dibene et al. 2014) , and the minimum and maximum distance between samples was 40 and 145 m, respectively. Both summer and winter samples were collected from the same GPS positions; except for a few summer burrows that were closed or no longer active in winter. In those instances, new active burrows located as close as possible to the originals were sampled. In order to obtain enough genetic material to conduct fungal diversity analyses and to characterize soil properties, in each season 20 samples of approximately 500 g were collected, 10 samples for each microhabitat. (i.e. TS topsoil summer, BS burrow summer, TW topsoil winter and BW burrow winter). Burrow samples were collected near the burrow entrance (at a depth of about 15 cm inside the burrow), while topsoil samples were collected from 10-15 cm below the surface. For each condition (microhabitat and season), each sample was considered a replicate (e.g. 1SS, 2TS . . . 10TS), and the 500 g was divided into two sub-samples for physicochemical and molecular analyses, which were stored at ambient temperature and at −80
• C, respectively.
Soil physicochemical analyses
For each sample, several parameters were determined either in situ or in the lab. Soil temperature was measured in situ with sensors (Theta Probe type ML2x) coupled to an Infra Red Gas Analyzer (IRGA, LI-8100, Licor, Lincoln, NE). Using 10 g of soil, total moisture was determined by gravimetric analysis. Organic matter content was determined by ignition loss weight using 10 g of soil and placed in a muffle at 500
• C for 8 h until obtaining constant weight. pH was determined using 20 ml of water and 10 g soil with a pH meter (Corning Pinnacle M530 pH meter, Woburn, MA USA; precision ± 0.01). Electrical conductivity was measured using 100 g of soil and the Field Scout Direct Soil EC Meter (Spectrum Technologies, Inc.). Finally, texture was determined by the Bouyoucos method using 60 g of soil (Bouyoucos 1936) .
To visualize spatial variation in temperature and moisture across sample points, contour maps were drawn with the program surfer 10.1.561 (Golden Software Inc., Golden, Colorado, USA).
DNA extraction, pyrosequencing and data processing
Genomic DNA was extracted from 0.25 g of soil using the Power Soil DNA Extraction Kit (Mo Bio Laboratories Inc., Carlsbad, CA, USA) and following the manufacturer´s instructions. To maximize extraction yield, DNA was eluted in 50 μl of elution buffer. Genomic DNA was adjusted to 20 ng μl −1 , and sent to Research and Testing Laboratory (Lubbock, Texas, USA) for amplification of the entire ITS region (comprising partial 18S rRNA, ITS1, 5.8 S rRNA, ITS2, and partial 28S rRNA genes) and pyrosequencing. The ITS region was amplified using primers ITS1-F (5´-CTTGGTCATTTAGAGGAAGTAA-3´; Gardes and Bruns 1993) and ITS4 (5´-TCCTCCGCTTATTGATATGC-3´; White et al. 1990) and sequenced by Roche 454 FLX with an average coverage of 5X. Each sample was de-multiplexed from the resulting sff file based upon the eight-base barcode attached to each of the samples during PCR, using the Roche sff software. De-noising and chimera analysis were conducted with the AmpliconNoise (Quince et al. 2011) and UCHIME algorithms (Edgar et al. 2011) . After sequence clean up, ITS1 sequences were obtained by removing unwanted sequences (18S, 5.8S, ITS2 and 28S) using the Fungal ITS Extractor . Resulting ITS1 sequences were further processed using the Quantitative Insights into Microbial Ecology (QIIME; Caporaso et al. 2010) . Quality control involved keeping sequences no shorter than 100 bp and no longer than 250 bp with a quality score higher than 25. The remaining sequences were used for subsequent analysis.
A 97% identity threshold was used to cluster sequences into Operational Taxonomic Units (OTUs) using the UCLUST algorithm (Edgar 2010) . The OTUs represented by one sequence (singletons) were removed. The taxonomic assignment (to species level) was carried out using the BLAST algorithm (Altschul et al. 1990 ) against the UNITE fungal database v5.0 (Abarenkov et al. 2010) . In order to establish differences between samples, a frequency OTU table including the number of times that an OTU is found in each sample (e.g. 1TS, 2TS, . . . , 10TS) and the taxonomic identification of each OTU, was obtained (data not shown).
Statistical analyses
Environmental variables. In order to identify significant differences of soil physicochemical characteristics between microhabitats and seasons, a repeated measure ANOVA, followed by multiple pairwise comparison using Tukey's test at α = 0.05 with Statistica 10 software (Statsoft; Tulsa, OK, USA) were conducted.
OTU diversity analyses. Diversity was estimated as the Shannon-Wiener (H´) and Simpson (D´) indexes as implemented in EstimateS v9 (Colwell 2013) . To compare levels of OTU richness among samples, we used the non-parametric Chao 1 estimator. Due to the different sequencing depth per sample and to distinguish differences in OTUs richness between sample types and sequencing effort, a rarefaction analysis was carried out using Ecosim v7 (Entsminger 2012) to an even sequencing depth of 48 305, which represents the total number of sequences obtained for TS samples (lower than the total number of sequences obtained for TW, BS and BW; Table S2 , Supporting Information).
OTU composition analysis. To visually identify patterns of community structure among the samples, we constructed a heatmap based on the abundance of ordinal taxa, with double hierarchical dendrograms computed using Ward's clustering algorithm applied to matrices of Euclidean distances of samples across taxa and taxa across samples. A repeated measures MANOVA followed by Bonferroni-corrected P-test (P < 0.05 probability level) was conducted with SYSTAT 13.1 (Evanston, Illinois, USA) in order to identify differences in community composition among microhabitats. To identify the influence of soil physicochemical characteristics on the fungal community of VDP, a Canonical Correspondence Analysis (CCA) was performed by using the OTU table and the soil physicochemical characteristics per replicate (e.g. 1BS, 2BS, 3BS, containing presence/absence data). Only the variables that displayed significant differences among treatments (P < 0.05) were included in the ordination plot. Both analyses were carried out using the BiodiversityR package in R v.3.01 (R Development Core Team, 2008) .
To analyze the fungal community structure among samples, a non-metric multidimensional scaling (NMDS) analysis and an analysis of variance (ANOVA) using the ANOSIM function were performed, as implemented in MASS (Ripley et al. 2013) and Vegan (Oksanen et al. 2015) packages in R v.3.01 (R Development Core Team, 2008) , respectively.
Finally, we used a Mantel test to assess the influence of spatial distance on the similarity of fungal communities by correlating matrices of geographic and ecological distances; the analyses was performed out by using the Ade4 package (Dray and Dufour 2007) in R v.3.01 (R Development Core Team, 2008) .
Molecular detection of Coccidioides spp.
Nested PCR conditions. The molecular detection of Coccidioides spp. in soil samples required a nested PCR approach. First, the entire ITS1-5.8S-ITS2 (≈900 bp) rDNA region was amplified using primers specific for the fungal sub-kingdom Dikarya, forward NSI1: 5 -GATTGAATGGCTTAGTGAGG-3 and reverse NLB4: 5 -GGATTCTCACCCTCTATGAC-3 as previously described (Martin and Rygiewicz 2005; Baptista-Rosas et al. 2012) . Neurospora crassa DNA and HPLC water were used as positive and negative controls, respectively. Thermal cycling (MJ Mini TM Gradient, Bio Rad) consisted of an initial denaturation at 95
• C for 2 min, 35 cycles of 95
• C for 30 s, 62
• C for 40 s and 72
• C for 1 min, followed by a final elongation to 72
• C for 5 min. Second, 1 μl of a 1:10 dilution of the previous PCR product was used as template of a nested PCR, testing two sets of primers. For the amplification of the ITS2 region, we used the primers of Binnicker et al. (2007) (forward ITS2F: 5 -CGAGGTCAAACCGGATA-3 and reverse ITS2R: 5 -CCTTCAAGCACGGCTT-3 ) as described in previous studies (Baptista-Rosas et al. 2012; Catalán-Dibene et al. 2014) . In addition, we used newly designed primers to amplify the ITS1 region in order to improve the specificity toward Coccidioides spp. (forward ITS1CF: 5 -GTGGCGTCCGGCTGCGCACCTCCCCCGCGG-3 and reverse ITS1CR: 5 -GCGCAAGGCGGGCGATCCCCGGCAGCC-3) (Fig. S4 , Supporting Information). Thermal cycling consisted of an initial denaturation at 95
• C for 2 min, followed by 30 cycles of 95
• C for 30 s, 70
• C for 1 min and a final elongation step at 72
• C for 5 min.
Nested PCR products were confirmed by 2% agarose gel electrophoresis. DNA bands of the expected size were purified by Qiaquick Gel Extraction Kit (Qiagen, German-town, MD, USA) before sequencing (Eton Bioscience Inc., San Diego, CA, USA). BLASTn (NCBI, USA) searches were used to determine the taxonomic identity of ITS sequences.
RESULTS
The composition of the fungal community showed seasonal variation with marked differences in the topsoil microhabitat, while in burrows the fungal community was more stable through seasons. No remarkable differences between microhabitats within the same season were found.
Soil temperature and moisture differed between seasons but not between microhabitats
Significant differences in soil temperature and moisture were found between summer (TS and BS) and winter (TW and BW) samples, with the highest temperature and lowest soil moisture in summer samples, and the lowest temperature and highest soil moisture in winter samples (Table 1; Table S1 ; Figs S2 and 3, Supporting Information). In contrast, no significant differences in organic matter content, pH, or electrical conductivity were found among soil samples (i.e. TS, TW, BS and BW) (Table 1; Table  S1 , Supporting Information).
OTU richness and diversity is highest in winter
A total of 385 329 sequences were obtained through pyrosequencing. After ITS1 extraction and quality control, 362 332 sequences remained for subsequent analyses (Table S2 , Supporting Information). The number of sequences per sample varied from 1165 to 55 944 (Table S2 , Supporting Information). A total of 3057 OTUs were obtained at the 97% similarity threshold; from those, 1117 singletons were removed, and the remaining 1940 OTUs were used for subsequent analysis.
Observed richness varied among microhabitats and seasons (Table 2) . Using an even sequencing depth, rarefaction curves showed that BW samples presented the highest richness, while no significant differences were observed among the TW, TS and BS curves (Fig. 2) . Chao's asymptotic richness estimator was higher for burrow than for topsoil in summer samples, whereas it was lower for burrow than for topsoil in winter samples and larger differences between the number of observed OTUs, and the Chao 1 values were observed for samples from winter than for summer (Table 2) . No marked differences were observed for Simpson's diversity between sample types. Samples collected in winter displayed the highest values of Simpson's diversity, with burrows being more diverse (Table 2 ). In contrast, topsoil samples were more diverse than burrows in summer sampling. Unlike the Simpson index, the Shannon-Wiener diversity index did not differ among the samples (Table 2) .
Fungal community composition differed mostly through seasons
The taxonomic composition of the fungal community differed between seasons for each microhabitat ( Fig. 3 ; Table S3 , Supporting Information). The Ascomycota was the most abundant phylum in both microhabitats. The Chytridiomycota and the Mucoromycotina were more prevalent in burrows than in topsoil samples, whereas the Basidiomycota were more abundant in topsoil samples than in burrows, and the Glomeromycota did not show any specific pattern at the microhabitat level ( Fig. 3a ; Table S3 , Supporting Information). The Ascomycota were more abundant in summer than in winter. In contrast, the Basidiomycota, Chytridiomycota, Glomeromycota and Mucoromycotina were more abundant in winter than in summer. Within the Ascomycota ( Fig. 3b ; Table S3 , Supporting Information), the predominant orders in topsoil samples were Pleosporales, Helotiales and unidentified Ascomycota, whereas the Hypocreales and Sordariales were more abundant in burrows. The Pleosporales and an unidentified order were the most abundant in summer; whereas the Helotiales, Hypocreales and Sordariales were so in winter. Among the Basidiomycota ( Fig. 3c ; Table S3 , Supporting Information), the topsoil community was dominated by Agaricales, Atheliales, Cantharellales, Geastrales and unidentified Basidiomycota, while burrows were dominated by Filobasidiales, Trichosporonales and unidentified Tremellomycetes. The orders Atheliales, Geastrales, Filobasidiales, Trichosporonales, the class Tremellomycetes (unidentified order) and other unidentified Basidiomycota were the most abundant in summer; whereas the Agaricales and Cantharellales were the most abundant in winter.
Within the Chytridiomycota, Glomeromycota and Mucoromycotina ( Fig. 3d ; Table S3 , Supporting Information), Olpidiales, Glomerales, Paraglomerales and unidentified Glomeromycota were the most abundant in topsoil samples, while the Rhizophyctidales and Mortierellales were the most abundant orders in burrows. The most abundant orders in summer were the Glomerales, unidentified Glomeromycota and Mortierellales; the Olpidiales, Rhizophyctidales and Paraglomerales were more abundant in winter.
The repeated measures MANOVA indicated that there were no significant differences in fungal composition between seasons (summer and winter) (P = 0.855) nor between microhabitats (burrow and topsoil) (P = 0.276). However, the Bonferronicorrected P-test showed significant differences between topsoil samples across seasons (P = 0.026) and no significant differences between burrow samples (P = 0.136).
The heatmap shows the abundances of fungi in the different samples (Fig. 4) . Apart from a few exceptions, the summer (TS and BS) and winter (TW and BW) samples appeared overall clustered in distinct groups, whose differences are given primarily by the relative abundance of the Ascomycota, especially by an unidentified order, and the orders of Pleosporales and Sordariales.
Moisture, temperature, clay content and electrical conductivity influenced fungal community structure
We observed significant correlations between fungal community structure and soil moisture, temperature, electrical conductivity and clay content (P < 0.05; Fig. 5 ). These variables explained 16.9% of the variation (CCA1 = 12.1 and CCA2 = 4.8). Moisture and clay content appeared more associated with topsoil samples, whereas temperature and electrical conductivity with burrow samples (Fig. 5) . Variation along the CCA1 axis differentiates the microhabitat: topsoil samples are located to the right and burrow samples to the left of the scatter plot (BS and BW) (Fig. 5) . Moisture was highly positively correlated with CCA1 (r = 0.94) and to a lesser extent with the CCA2 (r = 0.34); temperature was highly negatively correlated with CCA1 (r = −0.99) and much less with CCA2 (r = −0.07); electrical conductivity was negatively correlated with the CCA1 (r = −0.98) and correlated positively with CCA2 (r = 0.19) and the clay content is positively correlated with CCA1 (r = 0.87) and negatively correlated with CCA2 (r = 0.47).
Fungal community composition across samples varied primarily depending on the season
The fungal community composition across samples varied significantly (r = 0.3403, P = 0.009; ANOSIM test). However, NMDS (stress = 3.39 after 100 iterations) showed that that even though samples are scattered in the Cartesian plane they segregate by microhabitat (topsoil left and burrow right) and season (summer bottom and winter top) (Fig. 6) . The Mantel test revealed a lack of significant correlation (P > 0.05) between geographic and ecological distances.
Coccidioides spp. was more frequent in burrow samples
All 11 ITS1 amplicons obtained were identified as Coccidioides spp. (Table S4 , Supporting Information). Nine of them corresponded to C. posadasii and two to C. immitis. Nine of these samples were from burrows (summer and winter), while two were from topsoil (winter) (Table S4, Supporting Information). As for the ITS2 amplicons, nine were identified as C. immitis, two as Aphanoascus canadensis, one as Penicillium cyclopium and one as P. dipodomyicola (Table S4 , Supporting Information).
DISCUSSION
We characterized the soil mycobiota in two microhabitats with contrasting levels of biogenic disturbance (topsoil and burrows) and differing in soil properties. To our knowledge, this is the first study in Mexico that uses next generation sequencing for the analysis of soil fungal diversity in a semi-arid ecosystem. The fungal community of VDP was diverse and included species ranging from parasites and pathogens to lichenized fungi. The number of ITS1 sequences obtained in this study (362 332 sequences) was larger than reported in other studies conducted in forest (166 350 sequences; Buée et al. 2009 ), spruce forest (18 000 sequences; Wallander et al. 2010 ) and alpine tundra (205 131 sequences; Lentendu et al. 2011) .
The pyrosequencing technology allowed us to find differences in the fungal community composition between seasons that were more evident in topsoil microhabitats. Species belonging to the phyla Basidiomycota, Glomeromycota and Chytridiomycota and the sub-phylum Mucoromycotina, were more abundant in winter than in summer, suggesting that changes in soil characteristics (influenced by the season), have an effect on the growth of those fungal taxa. Fungal groups that are not thermophilic (Porras-Alfaro et al. 2011), xerophilic (Dix and Webster 1995) , halophilic or osmophilic (Magan 2007) , and some saprotrophic fungi (Bell, McIntyre and Cox 2008) are presumably more susceptible to environmental changes. When temperature increases, groups of fungi like yeast and molds (free-living saprotrophs, including representatives of the Eurotiales, Mucorales, Mortieralles, Saccharomycetales and Tremellales) increase their abundance, but when temperature decreases, there is a decline in groups of litter-associated fungi (litter degraders) and rootassociated fungi (Skouw 2013) .
Within each microhabitat significant differences in temperature and moisture between seasons were revealed. These differences are typical of seasonal variation in semi-arid ecosystems with Mediterranean climate such as VDP, with characteristic dry and hot summers and cooler and moist winters. Seasonal changes in these variables could influence the fungal community structure and function (Bell et al. 2009 ). The identified differences in fungal composition were correlated with changes in soil moisture and clay content in topsoil samples, and with changes in temperature and electrical conductivity in burrow samples.
Our rarefaction analyses suggested that the sequencing and sampling efforts were insufficient to reach a clear-cut asymptotic plateau, indicating a better sampling coverage in summer than in winter. The Chao 1 index depends on sampling size; therefore, we could obtain a higher number of OTUs by increasing the number of samples (Mohamed and Martiny 2011) or the sequencing effort (Jumpponen, Jones and Blair 2010) . The Shannon-Wiener values obtained in this study were similar to those obtained in other studies of temperate ecosystems (Jumpponen, Jones and Blair 2010; Monard, Gantner and Stenlid 2013) . Even though the Shannon-Wiener diversity values were not significantly different between seasons for both microhabitats, the Simpson index results suggest that diversity could be driven by seasonal differences in burrows.
The taxonomic composition of the fungal community in burrows presented less seasonal variation, than topsoil samples. The stability of the fungal burrow community could be further evidenced in the NMDS, where burrow samples cluster together, indicating that the fungal composition is stable independently of the sampling season. The most abundant phylotypes represent 72% of total sequences (Table S5 , Supporting Information). The fungal diversity found in this study expands previous results for VDP, whereby utilizing a traditional cloning method followed by Sanger sequencing (directed to the sub-kingdom Dikarya), and 18 OTUs were identified (Romero-Olivares et al. 2013) . Most of those OTUs were assigned to the phylum Ascomycota, including five classes and 12 orders, with Pleosporales being the most abundant order. In this study, we obtained a total of 1940 OTUs, most of them belonging to the phyla Ascomycota (10 classes and 32 orders), with unidentified Ascomycota and Pleosporales being the most abundant, and Basidiomycota (six classes and 16 orders).
In general, the fungal composition of the different microhabitats included lichenized members (e.g. Lecanorales), pathogens (e.g. Capnodiales and Microascales), saprobes (e.g. Saccharomycetales, Dothideales, Chaetothyriales, Eurotiales, Helotiales, Xylariales and Filobasidiales), mutualistic root symbionts (e.g. Glomerales, Paraglomerales and Archaeosperales) and parasites (Pleosporales, Pezizales, Saccharomycetales, Hypocreales and Atheliales). In almost all samples, we identified abundant phylotypes of plant pathogens such as Fusarium oxysporum, Colletotrichum circinans and Alternaria solani, as well as human pathogens such as Trichosporon asahii and Aspergillus flavus (Table S6 , Supporting Information). Given our sampling and sequencing strategies, definite assignment of ecological roles to specific taxa is not possible.
The CCA suggests that the fungal community of the topsoil samples is particularly sensitive to changes in moisture and clay content. These soil characteristics are correlated, since water infiltration depends on soil porosity (Pumpanen, Ilvesniemi and Hari 2003) . For example, topsoil samples, which are more exposed to wind than burrows, could present more variability in their clay content because of the common wind erosion in semiarid ecosystems (Ravi et al. 2004) . The decrease of clay content turns the soil into a porous microhabitat, which would allow water to infiltrate faster influencing changes in soil temperature. In burrow samples, temperature and electrical conductivity influence, apparently, fungal composition. Mammals of active burrows maintain a constant temperature (Siminski 2014) ; therefore, this biogenic source of heat may provide a more stable environment enabling the proliferation and permanence of fungal diversity.
There are no studies that specify the effect of biotic leftovers on microbial diversity or how this factor can contribute to the microbial composition in burrow microhabitats. However, in desert ecosystems, plant litter can be considered as a contributing factor for fungal species occurrence and abundance. Through the activities of small mammals, plant litter can accumulate, therefore promoting fungal colonization (Zak 2005) . A study on fungal diversity associated to litter buried by small mammals like kangaroo rats in arid regions has suggested that there is a symbiotic or mutualistic relationship between kangaroo rats and fungi that colonize the litter (Hawkins 1999) ; fungi benefit from the environment that the rodents provide, with abiotic conditions different than those in the soil surface. Although the effect of fungi on rodents is not well understood, genera of fungi that grow in buried litter, such as Penicillium, may produce mycotoxins, as well as antibiotics with potential protection for the rodents.
Differences in soil fungal communities were found between seasons. Seasonal changes of soil fungal communities are important to understand the role of fungi in ecosystem functioning as well as their responses to global climate changes and how this may affect their role in nutrient cycling and decomposition of organic matter. The dendrograms coupled to the heatmap clearly differentiated samples from winter and summer. An unidentified Ascomycota order and Pleosporales drive these differences. This is consistent with seasonal changes in the fungal community of a temperate forest, in which the fungal community structure was dynamic, with significant differences in their relative abundance depending on the sampling time (Vorísková et al. 2014) but not on a geographic point as suggested by the Mantel test. In a temperate grassland, temporal changes in the community structure of arbuscular mycorrhizal fungi were found to correlate with environmental variables, especially temperature (Dumbrell et al. 2011) .
No Coccidioides spp. were identified by pyrosequencing in any of the samples. Probably rare taxa may go undetected in this kind of analysis. In previous studies in VDP, the detection of this pathogen directly from soil samples required a nested PCR of the Dikarya ITS region followed by a third PCR with specific primers that allowed the amplification of Coccidioides spp. ITS2 region (Baptista-Rosas et al. 2012; Catalán-Dibene et al. 2014) . In this study, in order to avoid non-specific PCR products, we performed only a nested PCR that included a first PCR for the amplification of the Dikarya ITS region, followed by a second PCR with specific newly designed primers that allowed the amplification of Coccidioides spp. ITS1 region. So far, amplification of Coccidioides spp. sequences directly from soil samples by using universal fungal primers in a direct PCR reaction has not been possible. This suggests that there are very low amounts of Coccidioides' DNA in the samples or/and that very little Coccidioides' DNA can be recovered from the arthrospores present in the soil samples. The results obtained for the amplification of ITS regions of Coccidioides spp., suggest that the ITS1 region is a more specific barcode to identify Coccidioides spp. than the ITS2, shown to be more highly conserved among different fungal species (Catalán-Dibene et al. 2014) . In addition, the ITS1 region allowed us to differentiate between C. immitis and C. posadasii, the two sympatric species presumably inhabiting VDP.
The higher rate of detection of Coccidioides spp. in burrow samples suggests that the presence/absence of this fungus in the soil in VDP could be associated to that microhabitat (Table S4 , Supporting Information). The fungal community structure was also found to be more seasonally stable in burrow than in topsoil samples. Arguably, this stability in the fungal community could favor the maintenance of Coccidioides spp. in this microhabitat. However, more studies are needed to understand the ecology of Coccidioides. A previous study in VDP (Catalán-Dibene et al. 2014 ) identified species of rodents that build burrows, including kangaroo rats (Dipodomys merriami). Studies in an arid grassland on Socorro County, New Mexico, showed that the burrows constructed by kangaroo rats (D. spectabilis) are a favorable moist and temperate microhabitat for fungi (Hawkins 1996) . Kangaroo rats, as well as other rodents and animals, such as snakes, skunks, among others, are able to inhabit the burrows, where there is production of urine, feces and food waste that alter the composition of the organic matter. In this study, no differences in organic matter quantity were found between burrows and topsoil, but there could be qualitative differences in the organic matter available, which were not measured. These qualitative differences of the organic material inside the burrows could favor the growth and development of some fungal taxa and contribute to the fungal community stability inside burrows through seasons.
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